Essential genes encode biological functions critical for cell survival. Correspondingly, their null mutants are often difficult to obtain, which impedes subsequent genetic and functional analysis. Here, we describe the development and utility of a theophylline-responsive riboswitch that enables target gene expression to be specifically "tuned" from low to high levels, which may be used to generate conditional hypomorphic mutants. Low levels of gene activity in the absence of the ligand (theophylline) permit cell survival, enabling gene activities to be investigated. Normal gene expression levels and wild-type phenotypes can be restored by the addition of the ligand. We demonstrate the utility of this approach with csrA, an essential gene in Escherichia coli that encodes the global regulatory protein CsrA. We placed the theophylline-responsive riboswitch immediately upstream of the csrA ribosome binding site, with the resulting mutant named switch-csrA. Hypomorphism of switchcsrA and its specific responsiveness to theophylline were verified by phenotypic examination and translation analysis. The utility of switch-csrA revealed a previously unidentified function for CsrA, namely its role as a repressor of cellular autoaggregation. Specifically, switch-csrA in the non-ligand-bound form produced low levels of CsrA, and its cells autoaggregated. Theophylline binding induced conformational changes in the riboswitch and permitted efficient csrA translation; consequently, autoaggregation did not occur. Our results indicate that CsrA modulates autoaggregation via the polysaccharide adhesin poly-␤-1,6-N-acetyl-D-glucosamine. In summary, the use of ligand-responsive riboswitches to construct conditional hypomorphic mutants represents a novel approach for investigating the activities of essential genes, which effectively complements traditional genetic approaches.
In Escherichia coli, at least 620 open reading frames are required for viability in rich growth media (1) . These essential genes are of particular interest because they play critical roles in basic cellular functions; they are potential components for creating a minimal genome (2) , and their mutation provides a promising approach to drug target validation in antibacterial drug discovery.
However, genetic studies of essential genes have been impeded by mutation-caused lethality. The effects of overexpressing essential genes may be easily examined, but investigating the effects of lowering their expression levels may be technically difficult to achieve. This problem may be solved by constructing insertional mutants or by deleting a section of the essential genes so that the resulting mutants are partially active in gene functions. However, the construction of such a hypomorphic mutant is not feasible when its integrity is essential for full gene functionality. Alternatively, one can construct conditional lethal amber mutations in essential genes (3) . With this method, an amber stop codon is introduced into a target gene to construct a nonsense mutation, which results in the production of a truncated protein. A plasmid is used to produce an amber suppressor tRNA, which recognizes the amber stop codon and allows translation to "read through" the codon and produce a full-length protein. However, like the insertion mutation and partial gene deletion discussed above, the amber mutation produces truncated proteins, which are usually non-functional and therefore not ideal for constructing hypomorphic mutations. Another approach is to place the target gene under the control of an inducible promoter (4 -6) to turn gene expression on and off in response to the presence or absence of promoter inducers, respectively. However, with this method, the wild-type expression levels and the natural transcriptional regulation of the gene can be overridden by the inducible promoter.
Here, we have developed a riboswitch-based approach for constructing hypomorphic mutations in essential genes. Our approach has several advantages over previously reported methods, in that the riboswitch-controlled hypomorphic mutants produce full-length functional proteins, the product levels are controlled within a "natural" expression range, and riboswitches enable the specific and reversible control of gene expression in a ligand-dependent manner. To test the feasibility of our methodology, we selected the csrA gene, which is known to be an essential gene in E. coli (6) . We rationally designed a theophylline-responsive riboswitch with in vivo activity and used this to construct a hypomorphic mutation of csrA (hereafter referred to as switch-csrA). Results from ␤-galactosidase assays involving csrA-lacZ translational fusions constructed on the chromosome of the switch-csrA strain confirmed that only small amounts of CsrA were expressed in the absence of theophylline, but there were nearly wild type gene expression levels in the presence of the ligand. Examination of cell motility on semisolid agar further validated the riboswitch-controlled hypomorphy of csrA.
In addition to controlling the csrA hypomorphic mutation, the use of the artificial riboswitch enabled us to identify a new function for the CsrA protein, namely that it acts as a repressor of cellular autoaggregation (AG). 3 Analogously, the overproduction of the CsrB small non-coding RNA (sncRNA), which is an antagonist of CsrA, induced AG similar to that observed for the riboswitch-controlled hypomorphic mutant of csrA. Our results further indicate that CsrA mediates its effects upon AG by regulating the biosynthesis of the biofilm adhesin poly-␤-1,6-N-acetyl-D-glucosamine (PGA). Thereby, we demonstrate that ligand-responsive riboswitches can be effectively used to complement traditional approaches for investigating gene functions when null mutations are lethal.
EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Growth Conditions-The bacterial strains and plasmids used in this study are listed in Table 1 . All bacterial strains were grown at 37°C, with shaking at 220 rpm, in Luria-Bertani (LB) medium or M63 minimal medium supplemented with 0.2% glucose. The antibiotics ampicillin (50 g/ml), kanamycin (50 g/ml), and chloramphenicol (12.5 g/ml) were used for selection when appropriate.
Mutagenesis-Gene deletion mutants were constructed using the red recombination system (7). E. coli-K12 MG1655 was transformed with plasmid pSim6 (a gift from Dr. Donald Court) (8) , from which the expression of the recombination proteins is induced at 42°C. PCR fragments encompassing a loxP-cm-loxP or FRT-kan-FRT cassette with homology (45 nt) to the regions immediately flanking each deletion locus were transformed via electroporation into MG1655 cells harboring pSim6. After induction of red functions, recombinants were selected for chloramphenicol (cm) or kanamycin (kan) resistance and were further verified by colony PCR. Primers used to construct the deletion mutants are listed in Table 2 .
csrB Cloning-The selectable loxP-cm-loxP cassette was chromosomally inserted immediately downstream of the stop codon of csrB (as described above). The gene (with its native promoter) and adjacent loxP-cm-loxP cassette were then PCRamplified using primers that contained homology (45 nucleotides) to the plasmid insertion site. The PCR product and pET32a(ϩ) expression vector (Novagen) were co-transformed 
into E. coli DY330 that had previously been induced for red recombination functions (7) . Recombinants were selected for chloramphenicol resistance and verified by PCR and sequencing. The native promoter drove CsrB overproduction in MG1655 (without requiring induction). Primers used for csrB cloning are listed in Table 2 .
Semiquantitative Reverse Transcription-PCR-Total RNA was isolated from overnight cultures in LB medium. Subsequently, 2 g of RNA was reverse transcribed in a total reaction volume of 20 l. Each reaction was incubated at 55°C for 50 min, followed by 15 min at 70°C. 2 l of the resulting reverse transcript products (cDNA) were then used for 22, 24, 26, 28, and 30 rounds of PCR (30 s each at 94, 55, and 72°C) with Ex TaqDNA polymerase (Takara Bio Inc.) and primers complementary to csrB (RT-CsrB-F, 5Ј-GTCAGACAACGAAGTGA-ACATCAGG-3Ј; RT-CsrB-R, 5Ј-GGAGCACTGTATTCACA-GCGCT-3Ј) and the 16 S rRNA gene (RT-16S-F, 5Ј-CTCCTA-CGGGAGGCAGCAG-3Ј; RT-16S-R, 5Ј-CTCCGTATTACC-GCGGCTG-3Ј) to co-amplify the gene of interest and the internal control. PCR products were separated in 1.5% agarose gel.
Construction of Chromosomal lacZ Translational Fusions and ␤-Galactosidase
Assays-The loxP-cm-loxP-selectable cassette was inserted immediately after the stop codon of the lacZ gene on the MG1655 chromosome using red recombination (as described above). Next, the lacZ-loxP-cm-loxP cassette was PCR-amplified and inserted (in frame) immediately prior to the stop codon of the target gene on the chromosome. The inserted lacZ fragment started from the eighth codon of the lacZ gene and was co-transcribed and translated with the fused genes. The expression of gene-lacZ fusions was quantified using a ␤-galactosidase assay, as described previously (9) . In all of the lacZ fusion constructs used in this study, the endogeneous lacZ gene was not deleted. Our pilot studies showed that the endogeneous lacZ levels were extremely low, and therefore its presence did not affect our lacZ fusion results. Primers used to construct the lacZ fusions are listed in Table 2 .
Autoaggregation Assay-Overnight cultures were diluted 1:200 and incubated at 37°C, with shaking at 220 rpm, in liquid LB medium. When cells aggregated (visualized macroscopically by the clumping or "fluffing" of cells in liquid cultures), 100 l of each cell suspension was transferred to flat-bottom 96-well plates (Iwaki, Tokyo, Japan), and the images of the cell aggregates were captured by scanning. To better visualize the cell aggregates, 1 l of crystal violet (0.1%) was added to each cell suspension (100 l) immediately prior to image capture.
Motility Assay-Overnight cultures in LB medium were used to assay cell motility. 2 l of the bacterial suspensions were placed onto the centers of the motility plates (LB medium containing 0.3% agar). Plates were then incubated at 37°C for 16 -20 h. Motility was assessed by examining the colony sizes on the semisolid agar medium.
Statistical Analysis-Paired t tests were used to compare the two means obtained from ␤-galactosidase assays; one-way ANOVA was used for the comparison of multiple means. p values of Ͻ0.05 were considered statistically significant.
RESULTS

Construction of a Riboswitch-controlled Hypomorphic
Mutant of csrA-It has previously been reported that csrA is required for the growth of the E. coli DJ624 strain (a MG1655 derivative, lacX74 malP::lacI q ) in LB medium (6) . To determine whether the csrA gene was also essential in E. coli K-12 MG1655, extensive attempts were made to delete this gene in this strain. No csrA null mutants could be successfully constructed in LB, although a large number of recombineering experiments were performed. This indicated that the csrA gene was essential for the viability of E. coli MG1655 under the conditions used. We therefore selected the csrA gene for the development of a riboswitch-controlled conditional hypomorphic mutation, to investigate whether this approach could be used to facilitate the genetic study of essential genes.
To construct such a hypomorphic mutation, we sought to rationally design a ligand-responsive riboswitch that would have the ability to modulate expression levels when placed immediately upstream of the ribosome binding site (RBS) of the target gene. This riboswitch should meet the following four criteria: (a) the riboswitch should adopt multiple conformations, and those with lower free energy would not permit gene expression, so that the target gene expression would be repressed in the absence of a specific ligand; (b) at least one of these riboswitch conformations would permit limited gene expression, so that the target gene expression would not be entirely "shut off" in the absence of the ligand; (c) the addition of the ligand would favor the formation of the conformation that permits gene expression, so that gene expression could be specifically derepressed by adding the ligand; and (d) in the ligandbound form, the riboswitch could increase the target gene expression to nearly wild-type levels.
Based on these criteria, we designed a theophylline-responsive riboswitch and integrated this directly upstream of the csrA RBS (Fig. 1) . The resulting mutant was named switch-csrA. The secondary structures formed by the construct and their free energy were predicted using RNAstructure version 4.6 (10, 11) . This cis regulatory element is composed of a theophylline aptamer (12, 13) and a short nucleotide sequence, such that four conformations (A, B, C, and D) coexist at equilibrium. In conformations A and B, the RBS is base-paired, and therefore the gene translation is blocked (14, 15) . In conformation C, the RBS is immediately adjacent to a stem loop. Consequently, gene expression levels are likely to be low, since it has previously been demonstrated that a stem-loop structure directly beside the RBS interferes with ribosome accessibility (16) . In contrast, conformation D, in which the RBS is single-stranded, putatively allows for efficient ribosome binding and gene translation. According to the prediction of free energy using RNAstructure 4.6, conformations A (Ϫ21.9 kcal/mol) and B (Ϫ21.4 kcal/mol) have relatively lower free energy than conformations C (Ϫ21.0 kcal/mol) and D (Ϫ20.9 kcal/mol) and therefore are proposed to predominate in the absence of theophylline. Consequently, the overall csrA translation levels would be expected to be low. However, when theophylline binds to the riboswitch, the equilibrium distribution would be shifted to favor the formation of conformations C and D. Increased levels of the conformation D should significantly enhance the expression of csrA.
CsrA Expression Is Tightly Controlled by the Artificial Riboswitch-To determine how effectively the riboswitch regulated the expression of CsrA, we constructed a chromosomal csrA-lacZ translational fusion and then integrated the riboswitch device into this construct, forming switch-csrA-lacZ. In the absence of theophylline but in the presence of 5 mM caffeine (serving as a control), switch-csrA-lacZ had significantly lower levels of ␤-galactosidase activity than csrA-lacZ. When caffeine was replaced with 5 mM theophylline, the levels of ␤-galactosidase activity in switch-csrA-lacZ increased significantly and were only marginally lower (p Ͼ 0.05) than those of the csrAlacZ translational fusion (Fig. 2) . This indicated that the binding of theophylline induced a conformational change in the riboswitch region, "freeing up" the ribosomal binding site for efficient CsrA expression. There were extremely low levels of ␤-galactosidase activity in the negative control, switch-csrA (which lacks the lacZ fusion), in the presence of either caffeine or theophylline (Fig. 2) . This excluded the possibility that the addition of theophylline or caffeine influences (endogenous) lacZ expression levels either in the presence or absence of the riboswitch. Taken together, these results demonstrated that the riboswitch was specifically responsive toward theophylline and that in the absence of this ligand, the riboswitch significantly reduced csrA expression levels.
To further validate the ability of the riboswitch to control csrA expression, we examined the motility phenotype of the switch-csrA strain, taking advantage of the fact that CsrA modulates the motility of E. coli cells (17) . We found that switchcsrA cells were immotile in 0.3% semisolid LB agar in the absence of theophylline (Fig. 1) . When theophylline was added, the cells regained their motility (Fig. 1) , providing additional confirmation that the riboswitch could effectively regulate csrA expression.
Riboswitch-controlled Hypomorphic Mutation of csrA Results in Cell Autoaggregation-Interestingly, the switch-csrA cells that contained low levels of CsrA (i.e. grown in the presence of When theophylline was not added, the closely related xanthine compound caffeine (5 mM) was used as a negative control (whose chemical structure differs from theophylline only by the additional presence of one methyl group). In conformations A and B, the RBS is base-paired, and therefore gene translation is likely to be effectively blocked. In conformation C, the RBS is immediately adjacent to a stem loop, and the gene expression levels are also likely to be low. In conformation D, the RBS is single-stranded which putatively allows for efficient ribosome binding and gene translation. We speculate that when theophylline binds to the riboswitch, the equilibrium distribution shifts to favor the formation of conformations C and D. Increased levels of conformation D should activate csrA expression. The motility of E. coli cells was examined on semisolid (0.3%) Luria-Bertani agar after 16 h of culture at 37°C. The color scheme used was as follows. Red, ribosome binding sites; green, AUG start codon.
caffeine but without theophylline) flocculated when grown in LB medium (Fig. 3) , which is a typical AG phenotype. The switch-csrA cells also autoaggregated when they were incubated in M63 medium containing 0.2% glucose in the absence of theophylline (data not shown). Conversely, the theophyllinetreated cells, whose CsrA expression levels were comparable with those of the wild type, did not aggregate (Fig. 3) . These results indicate that CsrA acts as a negative regulator of AG.
CsrB Overproduction Induces Cell Autoaggregation in E. coliThe CsrB sncRNA has previously been demonstrated to antagonize the activities of the CsrA protein by sequestering it (18) . Thus, CsrB-overproducing E. coli cells have lower levels of CsrA activity. We hypothesized that if AG was repressed by the CsrA protein, then CsrB overproduction would result in AG levels analogous to those observed for the switch-csrA cells (in the absence of theophylline). We cloned CsrB together with its native promoter into a high copy pET vector, forming plasmid pCsrB that constitutively transcribed CsrB in MG1655. reverse transcription-PCR verified that CsrB was abundantly produced in the cells carrying pCsrB, whereas this sncRNA was barely detectable in cells containing an empty vector control (Fig. 4) . We observed that the plasmid-encoded CsrB induced AG in the wild-type MG1655 strain in LB (Fig. 3) as well as in M63 medium (data not shown). Thus, reducing intracellular CsrA activities via the overproduction of CsrB results in cellular AG. This supplies additional evidence that the AG phenotype observed for the switch-csrA strain is due to reduced CsrA levels and that CsrA negatively modulates AG.
PGA Is an Autoaggregation Factor Responsible for CsrA-mediated Autoaggregation-Ag43 (encoded by flu) (19) has previously been established as an AG-inducing factor in E. coli K-12 strains. However, we observed that CsrB overexpression driven by its native promoter conferred AG to a flu mutant (data not shown). Thus, Ag43 is not required for the AG phenotype discussed in this study.
CsrA has been shown to regulate the expression of the glg-CAP operon (20) , cstA (21), the pgaABCD operon (22) , hfq (20) , flhDC (17) , and ycdT and ydeH (23) at the post-transcriptional level. Of these targets, the pgaABCD operon encodes for proteins involved in the biosynthesis and translocation of the cellbound polysaccharide PGA, which is a biofilm adhesin. We speculated that this adhesin might be a potential AG-inducing factor that was part of the CsrA-mediated AG pathway. To test this possibility, we first examined the effects that differing levels of CsrA had on the expression of a pga-lacZ translational fusion on the MG1655 chromosome. Overproducing CsrB, which sequesters the CsrA protein, significantly increased the levels of the pga-lacZ fusion (Fig. 5) . This is consistent with the previously reported finding that CsrA negatively regulates the bio- Overnight cultures were diluted 1:200 and incubated at 37°C, with shaking at 220 rpm. The switch-csrA strain was incubated in LB medium supplemented with 5 mM theophylline (switch-csrA theophylline) or 5 mM caffeine as a control (switch-csrA caffeine), whereas other strains were grown in (unsupplemented) LB containing antibiotics where applicable. When cells aggregated (evaluated by visual inspection), 100 l of each cell suspension was transferred to a 96-well plate. To make the cell aggregates more visible, 1 l of crystal violet (0.1%) was added to each cell suspension immediately prior to image capture. wt, wild type MG1655; wt pCsrB, MG1655 strain carrying the CsrB expression plasmid pCsrB; wt pCm, MG1655 carrying control plasmid pCm; cat-pga, a MG1655 strain in which the 5Ј-UTR region of the pga operon is replaced by a chloramphenicol resistance cassette; pgaB pCsrB, a MG1655 strain containing a pgaB mutation harboring the pCsrB plasmid; pgaB switchcsrA, a MG1655 strain containing both the pgaB mutation and the switch-csrA construction. wt, wild type. FIGURE 4. Detection of intracellular CsrB small noncoding RNA levels by semiquantitative reverse transcription-PCR. Total RNA was isolated from overnight cultures of (wild-type) MG1655 carrying the CsrB expression plasmid pCsrB and MG1655 containing pCm (empty vector control). 2 g of RNA was reverse transcribed, and the resulting cDNA was amplified for 22, 24, 26, 28, and 30 cycles (n ϭ number of cycles used) using gene-specific primers. 16 S rRNA was used as an internal control, with its reverse transcript co-amplified with that of CsrB. PCR products formed after 22, 24, 26, and 28 cycles are included in the agarose gel image shown in the figure, along with a DNA ladder (100, 200, 300, and 400 bp bands indicated). Densitometry indicated that for both the CsrB and 16 S rRNA products, cycles 22, 24, and 26 were within the linear range for the PCR amplification (data not shown). Expected product sizes for CsrB and 16 S rRNA are 347 and 200 bp, respectively. synthesis of PGA (22) . We also used recombineering (which is a homologous recombination-based technique) to accurately integrate a "cm-switch" cassette (comprising a chloramphenicol resistance gene adjacent to the riboswitch) immediately upstream of the RBS of the csrA gene of the mutant carrying the pga-lacZ fusion. The resulting mutant strain contained both the switch-csrA and pga-lacZ fusions, enabling us to examine how the riboswitch regulated the production of PgaAB. As predicted, the switch significantly up-regulated the levels of the pga-lacZ fusion in the absence of theophylline (i.e. in the presence of caffeine), putatively due to repressed csrA expression (Fig. 6) . When theophylline was present, the pgaAB expression levels were comparable with those of cells that contained the pga-lacZ fusion but lacked the riboswitch (Fig. 6) . Thus, both CsrB-overproducing cells and non-ligand-activated switchcsrA cells, which are both AG-positive, have increased levels of PGA production.
We then deleted pgaB to disrupt PGA expression in a switchcsrA background. No AG was evident in the pgaB switch-csrA mutant (Fig. 3) . The disruption of PGA synthesis also blocked AG in the cells carrying pCsrB (i.e. overexpressing CsrB; Fig. 3 ). These results suggest that PGA is required for CsrA-mediated AG. Next, we replaced the pgaA 5Ј-untranslated region (UTR) with a chloramphenicol resistance gene (cat) fragment, in order to constitutively express the genes encoding the PGA biosynthesis and translocation machinery located downstream. The native promoter of the pga operon was left intact. The 5Ј-UTR of the pgaA mRNA harbors six CsrA-binding sites. By binding to these sites, CsrA represses the translation of the pgaABCD transcript (22) . Thus, replacing the pgaA leader with the cat gene cassette should "protect" the pga operon against CsrA inhibition, thereby increasing the amounts of PGA biosynthesized. To test whether the hybrid cat-pga strain had increased levels of pgaABCD expression, we inserted the lacZ coding sequence immediately prior to the stop codon of pgaB (in frame) to construct a chromosomally located translational pgalacZ fusion. ␤-galactosidase assays verified that replacing the pgaA leader with the cat fragment increased the levels of the pga-lacZ fusions ϳ4-fold (Fig. 7) . Furthermore, we observed that the hybrid cat-pga strain autoaggregated in liquid culture (Fig. 3) , supplying additional evidence supporting the operation of PGA as an AG-promoting factor. Taken together, these results indicate that PGA plays a pivotal role in AG observed with switch-csrA.
DISCUSSION
Here, we report the development of a new approach for making hypomorphic mutations in essential genes and successfully apply it to study the activities of the csrA gene in E. coli. To achieve this, we created a theophylline-responsive riboswitch that could be used to express CsrA at reduced levels within the cell, in a highly reproducible and controllable manner. Using this riboswitch-controlled hypomorphic mutation of csrA, we demonstrate that the CsrA protein negatively mediates AG of Replacing the pgaA 5-UTR with a chloramphenicol resistance cassette significantly enhances PGA production. A, ␤-galactosidase activities (relative units) were determined for two MG1655 strains containing chromosomal pga-lacZ fusions: one with the native pgaA 5Ј-UTR (pga-lacZ) and another where the 5Ј-UTR had been replaced with a chloramphenicol-resistance cassette fragment (cat) with the native promoter of the pga operon (pgaAp) being left intact (cat-pga-lacZ). B, the pgaAB-lacZ expression levels in the pga-lacZ strain (normalized to 1), which contains the native arrangement of CsrA binding motifs within the 5Ј-UTR, are significantly lower than those of the cat-pga-lacZ strain, which lacks these CsrA repressor binding sites. E. coli cells. Our results further indicate that PGA plays a pivotal role in the CsrA-mediated AG process.
Essential genes encode critical cellular functions and thus tend to be of high scientific interest. However, they are often hard to study genetically, since their deletion is lethal and thus null mutations cannot be constructed. The creation of hypomorphic mutations is an alternative strategy by which the functions of essential genes may be investigated in vivo. Several approaches have been developed for this purpose, but each has its own disadvantages. Insertion mutagenesis, partial gene deletion, and amber mutations can result in the production of truncated proteins. However, a truncated protein may be completely inactive and thus not hypomorphic. There is the additional possibility that the functions of a truncated protein may differ significantly from those of its full-length counterpart. Another approach is to place the essential gene under the control of an inducible promoter (4 -6), but then the native copy number and/or regulation of the gene may be disturbed. Given these considerations, we investigated the feasibility of using a cis-acting inhibitory RNA device to control the expression of essential genes at the translational level, so that the fulllength proteins would be produced at reduced levels. The use of a riboswitch-based hypomorphic mutation has the additional benefit of leaving the native promoter intact, thus preserving the natural transcriptional levels and regulation of the target gene.
Riboswitches are structured RNAs typically located in the 5Ј-UTR of bacterial mRNAs, which adopt altered conformations in response to an environmental signal in the form of a metabolite. The conformational changes result in the inhibition or activation of (downstream) target gene expression. Here, we engineered a riboswitch that adopts four putative conformations when inserted immediately upstream of the RBS of the csrA gene. csrA was chosen because it is an essential gene in E. coli K12 (6) and is a global regulator controlling a wide variety of biological processes, thus meriting further detailed investigation. In the absence of the theophylline ligand, conformations A and B predominate and interfere with ribosome binding. Only one of the two predicted theophylline-bound conformations (conformation D in Fig. 1 ) allows for relatively unimpeded csrA expression. Therefore, in the non-ligandbound form, switch-csrA has low but not zero CsrA levels, whereas theophylline binding increases the csrA expression to nearly wild-type levels. The proposed control of the riboswitch over the downstream csrA expression was verified by csrA-lacZ translational fusions and by examining the cell motility phenotype. Thus, riboswitches, in addition to their more common applications in modular and universal gene regulation, can be used to construct more "subtle" hypomorphic gene mutants. Using our approach, analogous riboswitch-controlled conditional hypomorphic mutations may be constructed for other essential genes, enabling their functions to be dissected. Such riboswitches may be composed of a theophylline aptamer and a short nucleotide sequence, which, together with the RBS region of the essential gene of interest, would form multiple conformations at equilibrium (after transcription). The sequence of the theopylline aptamer would be conserved (12, 13) , whereas the composition of short nucleotide sequence would be gene-specific. This short sequence should be designed such that the RBS of the target gene is blocked in the RNA conformations adopted in the absence of theophylline, thus repressing gene translation, but is "freed up" after theophylline binding, facilitating gene expression. It is noteworthy that the riboswitches used for constructing hypomorphic mutations should not completely "shut off" gene expression in the absence of ligand (i.e. when "switched off"), and gene expression levels should be restored to those of the wild-type cells in the presence of ligand (switched on). The switched on cells serve as a perfect control for their hypomorphic switched off counterparts.
Notably, our use of the riboswitch-controlled hypomorphic mutation enabled us to identify an important new function of the CsrA protein; it represses AG in E. coli. AG is visualized macroscopically by the clumping or "fluffing" of cells in liquid cultures or by the cells settling (or flocculating) upon standing without agitation. AG is an important virulence factor, since it has been associated with bacterial adhesion and biofilm formation (24 -26) as well as enhanced protection against host defenses (27) . Only a few AG factors have thus far been identified in E. coli. These include the autotransporter protein family (19, 24, 25) and some cell surface structures, such as type IV pili (28). As described earlier, the csrA deletion mutant is not viable, and therefore the regulatory role of CsrA in AG may have been easily overlooked by relying solely on traditional genetic techniques. In contrast, the switch-csrA strain, whose csrA expression was specifically repressed by the theophylline-responsive riboswitch, evidently displayed AG. The addition of theophylline, which increased the CsrA levels in the switch-csrA strain, abolished the AG phenotype. Thus, we demonstrate that riboswitch-controlled hypomorphs can be used to identify gene functions that traditional mutagenesis approaches may be unable to reveal.
